ABSTRACT
INTRODUCTION

66
Successful object grasping and manipulation rely on the application of grip forces on the 67 object that can be flexibly modulated according to object properties (Johansson and Cole, 1992;  68 Johansson and Westling, 1984; Westling and Johansson, 1984) . Due to relatively long delays 69 associated with somatosensory feedback, sensorimotor control of digit forces also relies on 70 planning derived from prior experience with the same or similar objects (Johansson and 
71
Flanagan, 2009). Our recent work suggests that digit force scaling is also a function of where 72 the subject grasps the object (Fu et al., 2010 ).
73
Although the above studies point to humans' ability to plan digit forces, as well as to 74 correct for erroneously planned forces, the issue of when digit force planning within a reach-to-75 grasp task takes place and the underlying neural mechanisms remain unexplored.
76
Electrophysiological studies in non-human primates have revealed that firing rates of different 
101
To address these issues, the present study was designed to quantify the extent to which 102 M1 is involved with digit force planning associated with a reach-to-grasp task. We pursued this
103
objective by using single-pulse TMS to quantify the excitability of corticospinal tract, whose 104 fibers predominantly originate from M1 (Lemon, 2008) , and the role of intracortical circuitry 105 within M1 during digit force planning. For the second objective, we used a paired-pulse TMS 106 approach to assess short intracortical inhibition and facilitation within M1 (Kujirai et al., 1993;  107 Davare et al., 2008; Rothwell et al., 2009 ). To allow for repeatable trial-to-trial planning of digit 108 position, we studied two reach-to-grasp tasks that differed in terms of whether, following contact 109 on the same points on the object, subjects were asked to exert negligible or significant force on 110 the object without lifting it. This approach was used to isolate the digit force planning component 111 embedded in the reach-to-grasp task, as the only difference between the two tasks was 112 planning of digit force. To quantify the time course of CSE changes associated with digit force 113 planning, we delivered TMS to M1 at different time points within a period starting before reach 
117
METHODS
118
Subjects: Twenty-two right-handed volunteers aged between 18 and 33 years (mean ±
119
SD: 22 ± 8 years; 9 females) with normal or corrected-to-normal vision, no history of 120 musculoskeletal disorders, neurological disease, or upper limb injury were recruited to 121 participate in the study. All subjects were naïve to the experimental purpose of the study and 122 gave informed consent to participate in the experiment. Eight subjects participated in 123 Experiment 1. Experiment 2a (paired-pulse validation) was performed on 6 subjects, and
124
Experiment 2b was performed on ten subjects (2 of whom participated in Experiment 2a).
125
Subjects were screened for potential risk of adverse reactions to transcranial magnetic 
142
Following this procedure, the rMT was determined as the TMS intensity that induced 50 μV 143 peak-to-peak MEPs in 5 of 10 trials in FDI muscle (Rossini et al., 1994) . The rMT was on 144 average 39 ± 4% (mean ± SEM) of the maximal stimulator output. During all experimental 145 procedures following rMT estimation, the TMS coil was stabilized using a coil holder mounted 
162
We studied two task conditions: a "Low Force" task (LF-task) and a "High Force" task
163
(HF-task). For the LF-task, subjects were instructed to reach and grasp the object at 164 predetermined locations ( 
172
For both tasks, a computer monitor placed behind the grip device presented three 173 sequential visual cues: the first 'ready' cue signaled the beginning of a trial, and was followed by 174 a 'task' cue presented at random delays (1-3 s) after the 'ready' cue. The 'task' cue consisted of 175 a schematic 'box' representing the grip device (Fig. 1A) and informed the subject about whether 176 the upcoming task was a LF-or a HF-task. Finally, the 'go' cue appeared 1 s after the 'task' cue 177 to instruct subjects to initiate the reach-to-grasp task. Note that both LF-and HF-task cues
178
showed a force target, the only difference between the targets being the required force 179 magnitude. The experimenter ensured that subject's performance was consistent with the 'task' 180 cue during each trial. Force feedback was provided to the subjects to ensure they would not go 181 beyond a ± 1 N window centered at the target force for each task. For HF-task, subjects were 182 instructed to apply force to reach the target shown on the computer monitor during the 'task' cue 183 presentation (Fig. 1A ). Subjects were allowed to practice both LF and HF tasks a few times 184 before data collection started. We should emphasize that LF and HF tasks were identical in 185 terms of reach distance, cue sequence, and visual display of force feedback, the only difference 186 being that for the HF-task subjects were asked to exert a much greater normal force than for the 
210
The first (conditioning) pulse was delivered at 80% of rMT followed by another (test) pulse at 
212
Assessment of intracortical inhibition and facilitation (Experiment 2b). We used a paired-
213
pulse TMS approach on 10 subjects to quantify the balance between intracortical inhibitory and 214 facilitatory circuits within M1 during digit force planning. Using the same above-described tasks
215
(LF and HF), we delivered either single pulse ("test" stimulus) or paired-pulses with inter- 
222
interspersed between trials to assess CSE at rest during each block.
223
Data Analysis
224
We recorded electromyographic (EMG) activity using Ag/AgCl bipolar surface electrodes 225 from three intrinsic muscles of the right hand (first dorsal interosseus, FDI; abductor pollicis 226 brevis, APB; abductor digiti minimi, ADM) and one forearm muscle (flexor carpi radialis, FCR).
227
For Experiment 1, ADM and FCR were used as control muscles to determine whether the 228 effects of digit force planning on CSE during movement preparation (if any) were specific to the 229 muscles involved in the execution of the tasks (FDI and APB; task-specific muscles). For
230
Experiment 2b, we used only ADM as a control muscle as both controls used in the first 231 experiment showed similar but no task-specific effects. The MEP peak-to-peak amplitude was 232 measured to assess the CSE during preparation for each of the two grasp tasks. To avoid any 233 influence of ongoing EMG activity on MEPs, trials with EMG activity greater than two times the 234 standard deviation of the mean background EMG activity occurring 100 ms prior to the TMS 235 pulse were excluded (<10 % of trials). About 40% of trials for TMS elicited at 1400 and 1500 ms 236 after the 'task' cue (400 and 500 ms after the 'go' cue, respectively) were excluded because the 237 reach was initiated, as indicated by an increase in the EMG activity of one or more muscles,
238
prior to the delivery of the TMS pulse. Therefore, MEPs computed for these two time points
239
were excluded from statistical analysis (Experiment 1).
240
For Experiment 1, we computed the ratio between MEPs elicited at each of the above-described 241 time point and 'baseline' MEP recorded between trials to normalize MEP data across subjects.
242
The 'baseline' MEPs for FDI, APB, ADM, and FCR muscles were 2.49 ± 0.3 mv, 2.41 ± 0.6 mv, 
264
Finally, we performed rmANOVA with Task (2 levels: LF, HF), and Muscle (3 levels: FDI,
265
APB, ADM) as within-subject factors on nMEPs pooled across subjects from experiments 1a
266
and 2b (single-pulse TMS data; n = 18). We applied Huynh-Feldt corrections when sphericity 267 assumption was violated. We performed post-hoc comparisons using paired t-test with
268
Bonferroni corrections. Significance level was set at 0.05.
270
Results
271
All subjects complied with the task instructions by exerting significantly greater grip force 272 on the object during the high force than the low force task (HF-and LF-task, respectively;
273
Experiments 1 and 2b; n = 18; paired t-test; t 17 = -9.1, p < 0.001). For the HF-task, subjects 274 exerted 5.26 ± 0.78 N grip force (equivalent to 10.07 ± 0.36 % of MVF; mean ± SEM) following 275 accurate digit positioning on the object, whereas for the LF-task subjects exerted negligible grip 276 force (1.06 ± 0.27 N; mean ± SEM).
277
Corticospinal excitability during planning "Low Force" versus "High Force" tasks (Experiment 1).
278
We determined whether digit force planning influences CSE during movement 279 preparation and prior to object contact using two grasp tasks. MEP peak-to-peak amplitude 
Validation of paired-pulse TMS protocol (Experiment 2a).
308
Using paired-pulse TMS over M1 at rest, we confirmed previous findings (Kujirai et al., 
315
Intracortical inhibition and facilitation (Experiment 2b).
316
We investigated the modulation of intrinsic circuits within M1 when subjects planned for 317 HF versus LF tasks at the moment of 'go' cue, i.e., 1000 ms following the 'task' cue, as this was 318 the only stimulation time at which a task effect was found on MEP. We failed to observe a beginning 100 ms prior to the onset of self-paced thumb abduction movement. However, this 384 discrepancy might be due to differences in the task requirements, as we used an externally-
385
cued task consisting of a multi-joint precision grip characterized by contact forces.
386
Influence of digit force planning on corticospinal excitability
387
We found task-dependent modulation of CSE when the TMS pulse coincided with the
388
'go' cue while subjects prepared for the High Force (HF) versus the Low Force (LF) task. In the
389
HF task, subjects were instructed to apply a significant amount of grip force following accurate 390 digit (thumb and index finger) positioning on the object whereas the Low Force task (LF-task) 391 required only accurate digit positioning and minimal grip force. As the two tasks differed only in 392 the magnitude of force exerted on the object following digit positioning, the difference in CSE 393 resulted from the planning of digit forces during movement preparation but prior to reach onset.
394
An alternative explanation is that the digit force planning occurs prior to reach onset, and that 395 the presentation of the cue to signal reach onset resulted in the release of the task-specific 396 motor plan. Although we cannot distinguish between these two scenarios, our results suggest 397 that the force-dependent modulation of CSE occurs prior to reach onset. The muscle-specificity 398 of the observed task-dependent modulation further supports the notion that digit force planning 
426
which would have allowed subjects to predict the onset of reach. Thus, the 'go' cue in our study 427 appears to be the time at which the effect of force planning-related neural inputs on CSE is 428 strongest. This is consistent with the finding by Loh and colleagues (2010) that grasp planning 429 based on sensorimotor memory is revealed by CSE changes at the time of 'go' cue. However,
430
based on our proposed theoretical framework (Fu et al., 2010) , CSE modulation during 431 preparation to grip and lift an object could be due to both digit position and force planning.
432
It is plausible that presentation of the anticipated 'go' cue to initiate reach might have 
507
Conclusions
508
The present study provides two new insights about neural mechanisms underlying force 509 planning for grasping in humans. First, CSE was sensitive to the planned magnitude of digit 510 force for grasping before reach onset. Second, the force-dependent modulation of CSE appears 511 to be driven by inputs from areas other than M1.
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